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NATIONAL ADVISORY COMMITTEE FOR AEROFAUTICS

TECHWICAL MEMORANDUM NO. 777

TESTS OF SPEERES WITH REFERENCE TO
REYNOLDS WULBER, TURBULENCE, AND SURFACE ROUGHNESS*

By S, Hoerner
SUMMARY

The behavior of the Reynolds MNumber of the sphere is
explained (in known manner) with the aid of the boundary-
layer theory.

Rear spindles may falsify, under certain conditions,
the supercritical sphere drag (fig. 3), while suspension
wires in the space behind the sphere leave no traceable
influence.

Depending upon‘its diameter, a centrally located rear
spindle lowers the supercritical resistance substantially,
because it induces the flow to adhere. To arrive at a di-
amcter which remains practically incffective from the
point of supercritical resistance, is difficult, because
in order to assure a safc and non-oscillating support, the
spindle must be of a certain minimum cross section,

The subcritical resistance and the start of the tran-
sition is not affected by a rear support, thus making spin-
dle diameters up to 1/4 sphere diameter permissible. Tur-
bulence measurements with the aid of the sphere as indica~-
tor are not affected by rear support methods; spindle diam-
eters over 0.2 D are permissible.

Contrariwise, the degree of surface roughness has a
decisive effect upon sphere turbulence measurements, malk-
ing accurately designed, mirror-polisghed (metal)'spheres
a necessity., The effect of surface texture was gquantita-
tively determined from experiments.

*“Versuche mit Xugeln betreffend Kennzahl, Turbulenz und
Oberflachenbeschaffenheit." Tuftfahrtforschung, larch 28,
1935, ppe. 42-54, '
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The critical Reynolds Number of the sphere was arrived
at by an unconventionzl method; that is, by determining the
critical wind speed at which the static pressure at the
back of the sphere is the same as that of the undisturbed
flow. The method makes it possible to interpret the criti-
cal Reynolds Number with only onec tcst station. Being ex-
traordinarily simple, it lecnds itself extremely well to
flight testing. Between Pl and Sy there is a certain

relationship.,.

The record of boundary-layer effective turbulence
with a perfectly smooth 15-centimeter steel sphere in the
wind tunnel at Braunschweiger, was a critical R = 2,95 X
105, while the Reynolds Number of R = 3.6 X 105, achieved
w1th the gsame sphere in the l.2-meter tunnel of the D.V.L.
(status, 1935), surpasses any known measurement of this
kind,

Measurements with different size spheres disclosed a
decrease in effective turbulence with the speed for the
investigated tunnels (fig. 9). The contraction in channel
section lowered the turbulence perceptidly.

In consideration of the turbulence grid the turbu-
lence (vortex street) set up by individuval wires, was ex-
plored in detail tlhrough spherec tests.,

Proof was adduced that the boundary layer of the
sphere can be acoustically disturbed (through a strong
whistling tune). The drop for the 15-centimecter sphere
was from Ry = 3,50 to 2,40 X 105,

The critical Reynolds Numbers of various spheres were
exolored in free air in Tlight and towing tests. In gtill
air and in wind free of obstacles, the same critical
Reynolds Numbers were observed: R, == 3.95 to 4,05 X 10°.
The boundary effective turbulence of the free atmosphere
is very low (R, = 3.90 in squally weather). Spheres pro-
tected against external vibrations will probably reveal
still higher figures.

The surface roughness has a particunlarly great effect
on the supercritical resistance. The knowledge regarding
surface is applied to the sphere tests in the tunnel.

The deductions from the sphere tests relative to bod~
ies of low drag are as follows:

e II|
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The degree of surface roughness. is. most. important of
all. Any 1rregu1ar1uv in form {steps) or roughness is at
the expense of ooundarJ~1aVer energy; the form drag in-
creases dlsnronortlonatelf.. On airplane bodies, for exam~
ple, offsets, JOlnts, and fittings should be treated much
more carefully than at present.  The effects of oxpen51ve
design, outer finish, ctc., are neutralized in many cascs
by sccmingly secondary defects. From the practical point
of view, the Reynolds Fumber (above the critical range) is
of totally subordinate 1mportance comparcd to thc degrec
of surfacec roug hness.

1. INTRODUCTION -

é) Generalities

In conformity with the laws of the frictionless po-
tential flow, the flow at the back of a body in inviscid
fluld ig rcouniteéd in thie samé measure as it is separated
at the frount. The positive (dynamic) pressure at back and
front nre the same and the resistance 1g zero.

In viscous fluid a frictiomal or bouandary layer, i.e.,
a layer of diminighed velocity, forms along the body sur~
face. Thc purely frictional resistance matches the loss
of monmentum of thiec ‘boundary layer duc to the friction,.

On iaterference bodies the boundary layer has o much
morc significant effect, namely, it initiates, according
to Prandtl's Dboundary-layer theory (references 4 and 5),
the breakdown of the flow at the bhack of the body.

Wegative pressure prevails at the sides of the body,
the amount of which is allied with $the flow velocity ac-
cording to Bernoulli's law; so the negative pressure va-
ries, depending on the body form. On a vertically exposed
thin ¢isk, for example (fig. la), it is very high (infi-
nitely high, theoretically), whereas flow velocity and
negative pressure are low on streamlined bodies.

In frictionless fluid, the surface pressure would in-
creasc toward the rear stagnation point from negative,
relative to undisturbed flow, to a 9031t1ve maximum {dy-
namic pressure). But, in reality, 'the motion energy of
the boundary laycr slowed up through friction, is not
quitc sufficient to overcome this pressure rise altogether.
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Rather, the back precssure lowers the velocity of the bound-
ary layer still further; indeed, the air particles moving
in the layer come at rest under certain conditions.

Piling up, they cause the flow to secparate at the rear of
the body; forces diverting the flow filaments into the
created air space are nonexistent, The arrested boundary-
layer particles intermingle with the outer flow and are
entrained in separate vortex balls.

The subsequent rise of pressure at the back of the
body is diminished in proportion to the velocity decrcase
of the boundary layocr and the breakdown of the flow. The
alr space approximately assumes the pressure of the bdor-
dering flow filaments. (Compare with sphere in fig. 2.)
The ensuing air resistance is the so-called pressure or
form resistance. Consequently, the boundary layer stipu-
lates not only the pure frictional resistance; it rather
constitutes the "relay" to the often incomparabdly greatcr
form resistance on real bodies.

The body form of minimum air resistance is the spin-
dle (fig. 1d). 1Its coe1f1c1ent of resistance (referred
to maximum section) is % 0,05, or about 4 percent of
the disk of figure 1la. Tpe pressure rise at the back of
the spindle is voided by the consistent and progressive
taper, as prescribed for diffusers; for example, when -
breakdown of flow is to be counteracted. The boundary
layer draws the motion emnergy necessary for overcoming
the pressure rise, little by little, from undisturbed flow
through intermingling.

b) Boundary Layer Behavior on tie Sphere

Figure 2 illustrates the pressure distribution over
the sphere accordiang to potential theory. The negative
pressure at the equator is =1,25 g. The boundary layer
does not, in fact, share the reincrease of pressure to
+1 q 1in the rear stagnation point; on the contrary, the
flow separates at first entirely from the back of the
sphere (fig. 1b),

Eiffel's (reference 6) and Prandtl's experiments (ref-
erence 7) have shown that for a certain - i. Ce, Ccritical -
Reynolds Number, the flow very nearly hugs the back of the
sphere again (fig. lec).

The boundary-layer theory links this phenomenon to
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the turbulence of the boundary layer. Thae effect of this
process on the resistarce of pletes placed parallel with
the flow direction is Imown: In the critical range of R
the frictional resistance changes from thie suberitical
laminar flow to the higher gsupercritical flow for turbu-
lent boundary layer. The reason for thisg lies in the
strong energy exchange between adjacent layers through in-
termingling in the turbulent flow., In this manner the
boundary layer exerts a marked effect on the external flow.

Coaversely, in the case of the sphere the turbulent
bonundary layer is actuatcd more forcefully by the outside
flow, taus enabling it with a larger volume of motion en-
ergy, relative to the laminar flow, to attack the pressure
rise starting from the sphere equator. The point of sepa-

ration at the back of the sphere moves downstream (fig. 1c).

In the critical range of R +the pressure prevailing
at the back of tkhe sphere rises from negative subecritical
(relative to uwndisturbed flow) at around 0.32 g, to posi-
tive supercritical: 0.2 to 0.3 g (fig. 2). The drag co-
efficient cy drops correspondingly from about 0.47 to
0.6-0.10 (fig. 13). ©The breakdown of flow starts, sub-
critically, slightly upstream from the cquator. Starting
at tuis point the flow filaments move tangontially away
from the sphere, Supercritically, the flow proceeds
largely according to poteutial theory.

The arguments advanced concerning the bouadary layer
of the spuere apply, fundamentally, to a number of other
interference Dbodies, suca as circular cylinders (refereace
&) snd airship kulls (reference 9). Bodies whose profiles
reveal sharp cdges, are little regponsive to Reynolds Wum~
bers. Tavs on 2 disk as in figure la, the break in pres-
surc to be overcome betweea the cdge aad the back of the
disk is so sharp and great that the bouandary layer is in
no casec able to overcome it, making it immaterial then
wiaether the boundary layer is turbuient or otherwise.

From armong the large number of reports published on
spaere neasvrements, the most important are:

1912 Biffel (reference 6)
1914 Prandtl and Wieselsberger (references 7 and 10)

1922 ¥.A.C.A. (reference 11)

1930 Bureau of Standards (reference 12)



N G W SUN UV r WU SR SEDIPLRPRRI Al S M R N . L

5} YT.A.C.A. Technical liemorandum Ho. 777

1932 Gottingen (reference 14)
1932 A.R.C. (reference 9)

1933 GALCIT (reference 15)

2. EFFECT OF SUSFENSIOY O¥ SPHERE DRAG

a) Bffect of Rear Support Methods

“Experiments in the United States (reference 11) and
at Gottingen (reference 3) have revealed the marked effect
of the methods of support which interfere with the sphere
in its equatorial zone and at its front, on the critical
Reynolds Number and the supercritical resistance. The
best method of suwmport, interfering least with the flow,
is that of the rear mounting spindle, because the rod ap-
proaches the sphere at a point where the flow breaks down
in cifher case and is separated anyway, while the sound,
outer flow is not touched,

Lacking adequate data on the permanent effect of
rear support methods, several experiments were made in the
Braunschweiger wind tunnel (reference 17).

The sphere drag was measured by a special arrange-
ment. A scale beam was fitted above the Jjet, one rod ex-
teanding vertically into the jet. At.its lower end the
rod was bent at right angles, approaching the sphere from
the rear. Scale bean, rods, and the piece leading to the
sphere were completely shielded with pasteboard and sheet
metal, so that the pure sphere drag (without support) was
measured.

A hollow copper sphere, 25 cm in diameter, was used
to explore the effect of varying modifications in support
method on the drag in the critical Reynolds range (fig. 5):

1, The diameter of the spindle was increased from 2
to 5 cm by means of a metal sleeve, which re-
sulted in a perceptible drop of supercritical
drag;

2. An oblique rod mounted from the rear, radially to

the sphere in the air space and extending as
far as the surface of the sphere. The super-
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critical drag increascs consideradbly, depending
on the rod diamcter. Thus the obligue spindle
disturbs the flow pattern, while the central:
spindle actvally guides the flow;

3. It was not possible to estadlish whether wires
crossing the zone behind the spuere affect the
drag curve within instrumental accuracy, or its
shape in general. Thus a radial cross of 2.2-
millimeter gage wires fitted 8 cm aft of the
sphere, disclosed a drag identically the same as
with the gimple set~up;

4; Extending the shielding of the scale rods forward
toward the sphere, up to withia 8 cm of its
back, lowers the supercritical drag similarly to
the reinforced central spindle;

5« The above-cited artifices had no noticeabdle effect
on the subceritical resistance;

6. None of the tests disclosed any effect on the tran-
sition from suberitical to supercritical range.
It is oaly when ¢y drops beiow 0.2 that the
guiding effect of the cenitrel spindle or the dis-
turbing effect of thc obligue rods becomes notice-
able,

This fact is Importaant for turbulcnce measurements on
spherocs,

b) Bffect of Spindle Diamctor on Supercritical Resistance

In subsaquent tests the spheres were threaded into a
rear spindle, as shown in figure 4, the spindle itself be-
ing suspended from steel wires of 0.4 and 0,7 mn diameter.
Owing to the mechanical arrangement, the horizontal force
is deflected vertically and measured on a beam scale. Ini-
tial tension and calibration is afforded by a wirec running
rearward over a prulley. The air resistance of the suspen~
sion was about 1/8 subcritically, and about 2/3 of the
sphere resistance, supercritically.

Experiments wero made on a 1l5-centimeter spherc with
support spindles ranging in thickness from 1 cm (original.
thickness) to 2, 4, and 6 cm, by means of metal sleeves.
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When removing the sphere from the spindle with the
object of establishing the air resistance of the suspen-
sion with blanketed sphere, air forces become cffective on
the cexposed surfaces of sphere and spindle. The manner in
which thesc foreccs are to be allowed for on thick spin-
dlecs when conmputing the sphere drag, must be analyzcd., In
the present tests the sphere drag was simply defined as
the difference of total drag (sphere + suspension) and the
resistance due to the suspension, The taus-obtained sphere
resistance is that existing in absence of the sphere when
the flow pattern remains the same as when the spindle is
present. The static pressure on the exposed rear part of
the sphere wonld then be the same as that existing at the
front of the spindle. These forces cancel in the calcula-
tion, having, referrcd to sphere resistance, opposite
signs.

The results of the tests with divers spindles are as
follows {(see fig. 5):

1. Agreeadle to the arguments in a preceding section,
the rear spindle has no traceable effect in the
suberitical resistance range;

2. The effect of the spindle on the entry to the
supercritical zone is practically =nil, except
for the thickest spindle (exceeding 1/3 of the
sphere diamcter) which scems to usher in the
transition a little earlier;

¥
L)

The effect of the different rear spindles on the
supercritical resistance, on the other hand, is
marked; the drag coefficient drops by more than
50 percent, :

The D.V.L. has also made some corroborating tests Dby
another method. A 15-centimeter steel sphere was suspend-
ed from the top by two V wires as a peandulum into the jetb

*of the l.2-meter wirnd tunnel (reference 18). Spindles of

varying diamcter were fitted downsitream from the sphere,

‘but scparate from it. The axis of suspension of the pen-

dulum was moved toward the air stream by means of a lathe
support, wntil the spherc was released from the. spindle.
The amplitude of the deflection affords the spherc drag.
Eowever, this nmethod is not very accurate because the
sphere is subject to marked drag variations and latcral
oscillations (%5 percent).

e o e T A S . g o e = [
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Figure 6 illustrates tie effect of the spindle versus
the supercritical sphere drag (for temporarily defined
"'Reynolds Number). The fact -that the resistance in the
D.,V.L. tests is twice as high as in the Braunschwelg tests,
is attributable to the pendulum wires with their well-lnown
interference ¢n sphere flow (references 3 and 11).

A spindle -of -d = 1/10 D diameter lowers the super~ -
critical resistance by 12 to 18 percent. The large diame-
ters of the order of d.= 3% D were for the purpose of as-
4 certaining the further shape of the curve; the drag drops -
] to about 1/4 - the same drag decrease by two different
methods. Two valucs each from figures 3 and 12 fit also
into the curves. TFor supercritical drag measurements.
figure 6 stipulates a spindle of minimum diameter (d =
0.06 D-7). ,

e o

As explanation of the effect of spindle/sphere the
following is proffered:

e Al

R A S

1. A thick spindle shortens the theore*tically expect-
ed pressure rise (fig. 2) at the back of the
sphere;

eSS

2+ The effect of the spindle is approximately equiva-
lent to a tapered offset (streamline form). The
flow soon clings to it and removes the piled-up
boundary-layer portions profitably.

—

g e R

3« The development and transverse travel of larger
vortices is influenced by a spindle, and counse~
gquently effects a change in flow pattern.

e
W A T

&« WIND TUNWEL TURBULENCE FROM SPHERE MEASUREMENTS

-

a) Concept of Turbulence

_ In a great many cases the turbulence of the air
stream in a wind tunnel affects the magnitude and course
of the 'air forces. TFor instance, the maximum 1ift of a

< . wing is, as is known, markedly affected by the turbulence.,
A For this reason, the knowledge of the turbulence existing
it in a wind tunnel is_ necessary.

I The concept "turbulence" is ambiguous to the extent:
\ that the individual "turbulence balls" formed through -
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jointly circling or oscillating motion of air particles,
may be unlike in extent (diameter) as well as in sequence.
Rough disturbances in free atmosphere are known by the
name of gusts. 2PBut such do not occur in the tunnel flow
because it is guided and straightened. Even so, the flow-
is more or less interspersed with fine vortices having
diameters of the order of 1 cm which, as is known, act
upon the boundary layer of bodies exposed to it.

And it is of this effective turbulence of the bound-
ary layer that we shall speak hereinafter. The type of
turbulence is accordingly characterized by its effect
without it being necessary to know anything concerning its
nature or mechanism. Yet, obviously, the turbulence is
natched by certain pressure and speed fluctuwations of the.
flow; and these were measured and recorded in the U.S. by
hot-wire ancmometer and oscillograph (references 19 and 12),
Detailed information about the process of turbulent motion
or the magnitude of the oscillating air balls is not given
in these measurements.

b) Test Procedure

From the arguments advanced.about the boundary layer
of the sphere in a previous section (1b, p. 4), it is
clear that in the zone directly below the critical Reynolds
Number, the transition to supercritical flow is prematurely
induced by the turbulence already existing in the utilized
flow. Thus the Reynolds Number at which the drag of a test
sphere drops to the supercritically lower figure is a cri-
terion for the boundary-layer effective turbulence dwelling
within the flow. This possibility has been frnequently re-
sorted . to for comparative turbulence measurements in the
wind tunnel. Customarily that Reynolds Number is given as
critical for which the drag coefficient ¢y = 0.3. The

connection between the critiecal R of the sphere and the
air-speed fluctuations is shown in figure 7.

he use of the sphere as indicator of the turbulence,
originally proposed by Professor Prandtl in 1914 (refer-
ence 7), has the marked advantage from the point of view
of wind-tunnel practice, in that it indicates the effect
of turbulence on a body directly. '

As previously pointed out, the method of support, so
far as it approaches the sphere from the rear, has no ef-
fect in turbuleénce measurements. Contrariwise, the degree
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of surface roughness of the test sphere affects the criti-
cal velocity. to .the sane approximate zmount as the turbu-
lence of the flow, for whaich reason the sphere must Dbe of
accurate design and perfectly smooth surface if used for
turbulence measurements.

c) Turbulence at Various Speecds

From sphere measurements of different diameters nade
in the Braunschwelg ms well as in the l.2-meter tunnel of
the DeVele, it is known that the critical Reynolds fumbers
for large spheres are perceptible lower than for small
spieress For the Braunschwelg tunnel, figure 8 gives the
critical B (times 10%) and speeds v, as follows:

Without honeycomdb 9 cm sphere R.. = 2.52 v.. = 39 m/s

: 15 o " 0wt 2.25 nd= 21

With honeycomb g " " 3.18 " 49 M
15 11 Ll " 2.95 i 29 "

The data for the l,2-meter tunnel of the D.V.L. were:
15 cm steel sphere R = 3.50 Vi = 34 m/ s

Polislied 28 cm silunin sohcre " Z+20 " 7

The few known tests on spheres of varying diameter
from other wind tunnels repeatedly disclose the critical
Reynolds Xumber for large spheres to be lower than for
small ones as, for example (reference 12), with the 5~ and
Be6-inch sphere in the 10~foot tunnel and, more recently,
(reference 15), for four aifferent sphere diameters, as
illustrated in figure 9.

There being no doubt about the validity of Reynolds
law for the critical range of the sphere, the conclusion
is, that the dagree of turbulence at different tunnel
speeds used for spheres of different diameters, is varying.
Patently, the effective turbulence in all tunnels, cited in
figure 9, is greatest at low speeds; it decreases percepti-
bly with the speed. Defining from the calibration curve of
figure 7, the speed flucituations on which the turbulence
is based, it is found that in the l.2-meter D.V.L. tunnel
and in the Pasadena tunnel, they decrecasc from 0.3 pcercent
at low speeds to 0.1 percent at high specds.
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The incongruity of the transition curves of various
sizes of spheres should disappear in towing tests in still
water because of the absence of turbvulence. The publishod
reports of Krcy (reference 22) and Bisncr {(refcrence 23)
on sphercs and cylindors do not adduce the expected proof,
since in both, tlhe boundarJ layer is disturbed at a sensi-
tive point as a result of the support method employed.

From the above, it seems advisable when comparing
turbulence measurements of different tunnels, to take the
sphere diameter and the critical speed range into consid-
eration. TFor instance, a sphere having a diameter such
that the criticel transition takes place within the occa-
sional speed range of normal model %tests, could be used.

FProm the point of view of wind-tunnel practice, figure 9
possibly pos+u1ates that the speed should be high when th
turbulence is low.

d) Comparison of Diffecrent Wind Tunnels

Figure 10 gives thec sphere tests from other wind tun-
nelg plotted in the uwsual double logarithmic form. The
Braunschweig and D.V.L, tests are in exceptionally close
agreement ‘with the GBttingen curves (reference 14) both as
to subcritical and supercritical resistance as well as to
transition.

It is generally conceded that contraction of the flow
section insures very uniform test streams (reference 24,
p. 73). Quite obviously, such contraction lowers the
turbulence of the flow in the same manner as local speced
discrepancies are compensated. In figure 11 the critical
Reynolds Mumbers representative of the turbulence have
been plotted against the contraction ratio of the tunnels
as established for the sphere in the different wind tun-
nels. '

In two instances, values are given for the same tun-
nel but for different nozzle length; that is, unlike con~-
traction ratios. Ian the l.2-meter tunnel of the D,V.L.
.an extra nozzle was fitted which narrowed the nozzle sec-
tion from 1.13 to 0.2 me. The critical R recorded with
this 22:1 contraction ratio By = 3.53 X 105 (fig. 12)
approaches Ry = 3.72 X 10% obtained with the same sphere
in air free from turbulence (section 5).
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TABLE I

No.

Valars

13

Sphére turbulence tests; the turbulence ‘e¢orresponds to

the critical Reynolds Number R 10°
Contraction ratio f = F, /F
Ry Source
No. Wind tunnel Features £ 5 (refer-
' (10°)| "ence)
1 DV L. 1e2 m without honeycomb 4,0 2.6 -
2 " " with honeycomb 4,0} 3.2 -
3 " " with extra nozzle |22.0| 3.5 -
4 " " with extra nozzle,
corrected 22.0| 3.8 -
5 " " smooth 15 cm
sphere 4,0 3.5 -
6 " " status, 1935 4,0 3.6 -
7 thtingen, large with honeycomb 5,0 3.2 14
8 " small " " 2.1 2.8 14
9 thtingen, propel~—~
ler research 5mall nogzzle 6e2| 341 14
10 | ¢éttingen, propel-
ler research large nozzle 2.8 2.4 14
11 | Braunschueig without honeycombdb 4,8 2.4 -
12 " with honeycomb 4,81 3.0 -
13 | ¥.A.C.A,., variadble
density closed (1925) 1,01 0.9 11
14 | W.A.C.A. variable
density | open jet (1929) 2.5| 1.6 13
15} W A.C.A, variadle
density closed (1930) 1.0] 1.2 13
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TABLE I (Cont.)

_ ! R |Source
Mo Wind tunnel Features £ (10°) (refer-
ence)

16 | J.A.C.A. tunnel

lo. 1 with honeycombd 3.11 1.7 21
17 | HeA C.A., verticall| free jet without 3.2 1.8 28
18 | ¥.4.0.4A., full- jet center for A

scale 5.0] 3.4 15

the rest

19 | ¥.A.C.A,, full-

scale 5.0 3.7 16
20 | Bur., Standards,

10-foot long approach 1.0] 2.3 12
2l | Bur. Standards .

4,5-foot sitort arproach 1.0 1.7 12
22 | Bur. Standards

Z-foot 5.5 2.7 12
23 | GALCIT, Fasadena without honeycomb 4.0 3.3 15
24 | M, I.T., 7.5-foo0t T.P.L. type 1,51 2.1 9
25 | LisI.T., air towing test - 2.9 26
26 | Azron, Guggenheinm vertical, free 4.2 2.6 29
27 | ¥eP.L., variable

pressure no data - 1.9 30
28 | Turin T.P.L. type 4.5 2.0 31
29 | D.V.L., frce air flight and towing

tcst - 4.0 -

30 | GALCIT, frce air Tlight test . - 3a7 15

Figure 11 shows how the guality of the tunnels from
the point of view of turbulence, incrcases with the con-
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traction ratio. Admittedly, the turbulence established in
the test section Is not mnerely contingent upon the con-~
traction, but very consideradly also -on -the gquality of the
flow upstream from this contraction (disturbances due to
fan, enlargement, directional changes). Another governing
factor is the length of the stecady flow area in front of
the nozzle contraction, ’

In highly turbulent tunnels the critical Rcynolds
Nunbers range at R & 1,0, for good tunnels. of the carli-
cr English type (without substantlal contraction, long on-
try) RF = 1.7 to 2.3, for good tunnels of the Gottingcen

type (contraction 4 to 5:1), Ry = 3.0 to 3.5, aud for
nonturbulent air (section 5) Ry 3.7 to 4.1 X 105. The

measuremcnt in the l.2-nmeter tunnel of the D.V.L. (status
935) eoxecls, with Ry, = 3.6, all other wind-tunnecl val~

ucs known at the prescnt time.

il

4, WIND-TUNUEL TESTS 0 TURBULENCE

a) Critical Reynolds XNumber by Pressure Method

According to section 1, the pressure distribution
changes the sphere drag. . Consequently, it is very natural
to observe the pressure at the back of the sphere by the
simple expedient of using the sphere as a turbulence indi-
cator, Thisg pressure must, in counformity with the drag
coefficient, pass through a critical value.

The procedure of measuring the pressure at the back
of the sphere is as follows: The sphere is screwed into
a rear tube having four holes where it touches thae surface
of the sphere so that the static pressure existing in the
angle between sphere and tube is carried through the spin-
dle.

Figure 13 shows the drag and pressure for two spheres
nlotted agalnst the same Reynolds Number. The pressurc
curve  (ppit /a) is the roflected drag curve (eg)s The

connecction between p.,lf and ey is accurately estab-
lished through concurrent measurement and plotted in fig-

ure l4., Although the curve is, strictly speaking, wvalid
only for the perfectly srnooth 1n—cenu1neter sphere in non-—
turbulent flow (B = 3.6 X 10®°), it nay, nevertheless,
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be presumed that in turbulent flow, for instance, the same
relation exists between ¢ and p.lj. In the graph the

test points range themselves below the curve computable
from the pressure distribution. This discrepancy has not
been cleared upes.

The critical Reynolds Number is, conveniently, that
for which the pressure at the back of the sphere changes
from ncgative suberitical to positive supercritical; that
is, where p_u = 0. The thus-defined figures arec slightly

higher (about 2 percent) than those obtained for ¢y

0.3.

The critical dynamic pressure qp 1is very accurately
defined in the measurements. A l-percont change in Q5. s

cither upward or downward, causes pypyy to deflect about

8 perceant from zero, so that even the least differences in
turbulonee arc sharply rccorded. The pressure method obdb-
viates the cumbersome sphere drag mneasurement. It suf-

S

fices to find the dynamic pressure at which p. = 0; By
ig therefore obtained with one single test point,

b) Turbulence Due to Individual Wires

In many instances it is advisable to use turbulence
grids in wind-tunnel tests; that is, 1a cases when, tarough
generation of artificial turbulence, critical zones of
Reynolds Yumbers (as on an airplanc wing, for example) are
sltipped and precritical conditions are avoided. (Sec ref-
erence 32, p. 188.) To supply data for such turbulence
grids with respect to wire thickness and wire spacing, the
D.V.L. explored the vortex streets of individual wires,
using the sphere as turdulence indicator,.

Figure 15 illustrates the effect of various gage
wires stretched, exactly centered, across the jet at a
number of distances upstream from the sphere. The thicker
the wire 1s, the lower the critical dynanic pressure bde-
comes. : '

The wire tﬁrbulencé exerfs at first a startling ef-
fect on the supercritical sphere pressure Ppfy» accord-
ing to figure 15, Small gage wire (about 1 mm) causes
the pressure, at first, to rise to +0.37 q. According to
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that, the,inéertion of a thin wire must lower Prihe The

effect of thin wires was alyo the same at substantially
higher R. An explanation for this might be found in the
fact that a single wire malkes one certain plane of the
flow turbulent and thus influeaces the arrangement of the
vortices in the wake of the sphere.

The growth in supercritical sphere drag (correspond—
ing to the abatement of rear pressure) due to enhanced tur-~
bulence (thicker wires) is attributable to the "apparent-
ly" greater viscogity of the moving air caused by turbu-
lence. The apparent viscosity effectuates supercritically
a bouvndary-layer lag ‘similar to that known suberitically
through actual viscosity. This fact is important for the
application of turbulcncc grids in model tests. Lo be
sure, an artificial turbulcnce crecatcs a "supercriticalt
condition. But this condition is unlike that afforded by
increasing the Reynolds Humber because of greater effec-
tive viscosity of the flowing fluid; that is, a third con-
dition is reached.

Figure 16 shows the turbulence effect of various

wires mounted at varying distances wpstream from the

sphere. Right next. to the sphere tlie effect is small; ev-
idently the much lower flow velocity at that point (indi-
cated in fig. 16) permnits no large vortices. Similar ex~
periments with turbulence grids may be found in reforence
9.

The effect of the lateral position of the turbulence
wires on the sphere (fig. 17) is indicative of the spatial
expansion of the vortex streets aft of the wires. Thin
wires in particular (1 mm) have an erpressed directional
effect. The very fact that this effect disappears almost
altogether when moved a millimeter away from the sphere
aXis, proves the importance attached to the introduction
of turbulence into the boundary layer through the exact
stagnation point. Thicker wires have 2 substantially more
expansive vortex street whose turbulence then also pene-
trates the boundary layer of the sphere when the wires are

placed laterally from the sphere axis.

Figure 18 depicts the turbulence effect of two paral-

"lel wires. At a certain short distance théir effect is

comparatively small. Ostensibly, the ddjacent inner sides
of the vortex streets emanating from the wires cannot re-
ally develop.
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As the distance is increased, the ensuing turbdbulence
reaches a maxinmum (qk reaches a minimum). Upon still
farther removal the effect of the wires disappears because
the vortex streets produced by them pass externally on the
sphere.

c) Effect of Acoustic Air Vibrations

on Boundary Layer

According to experiments in the United States with
hot wires (references 19 and 15), the ecritical Reynolds
Number observed on a sphere is definitely tied to the
speed fluctuations of the flow forming the turbulence
(fig. 7). This seems to indicate that the effect of acous~
tic air vibrations on the boundary layer of a moving body
is the same as that of the measured specd fluctuations.
In order to clear up this point, various sphercs were ex-
poscd to a loud whistling tone and observed.

The tone of around 3,000 Hertz was supplied from a
steam whistle (1.5 to 3 atm. at the whistle) through a
funnel mounted obliguely 1 meter upstream from the sphere.
Pigure 19 gives the pressure of the 15~-centimeter sphere.
Por the rest, the critical Reynolds Numbers for the whist-
ling tone (figurcs without tone given in brackets) are as
follows:

3.04 X 10% (3.13)

it

28 cm sphere Ry
i5 R = 2.40 X 10%° (3.50)
7w R = 2.74 X 10% (3.24)

The tone affects all three spheres; the Ry are re-
duced from 3 to 31 percent. The acoustlc interference of
the boundary layer is similar to that of the turbulence
grid. The 28~contimeter sphere has the least tonal inter-
ference; its Rk changes fairly little. TFor the 7-centi-

meter and 1l5-centimeter spheres the effect of the acoustic
vibrations is marked. The oscillation frequency (2,000 Hz)
is perhaps bvetter suited to the smaller spheres than to the
large one or, better fitted to the high than to the low
speeds.,
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The boundary-layer effect of the acoustic oscilla-
tions was also observed cxperimentally on a model alrplane

“"wiag; the maximum lift change was negligible.

According to present—day expcrinmental data, a bound-
ary-layer effective wind-tunnel turbulence is caused by

l. Rough interference of tunnel flow due to enlarge-
ment, faulty directional changes, etc.;

2. Vortex streets emanating from honeycomb walls, de-
flector vanes, and turbulence grids;

3. Air oscillations (audible) which correspond to the
blade strokes of the fan. Such oscillations
have been previously recorded (reference 25).

S5« TURBULENCE TEST IN FREE AIR

a) Generalities

On the subject of boundary-layer effective turbulence
in free air, the following sphere tests have been pub-
lished:

In 1922 the W.A.C.A. made a series of drop tests from
great altitude in which the drag forces and the speed were
measured (reference 11).

In the 1932 flight tests at Pasadena, the sphere was
fitted on the airplane while the drag forces were record-
ed with a special hydraulic instrument.

In the 1934 tests at Pasadena, a large uphere was
towed in a closed hangar (reference 26). The drag was re-
corded by an instrument fitted to the sphere. :

In view of the wide divergence of critical Reynolds
Humbers in the first two experiments, the D.V.L. decided
in 1933 to make its own sphere tests in free aire. The

~aim of thesc tests was to establish the critical Reynolds

¥umber in air freec from turbulence, with a view to obtain-
ing a criterion ~ a "zero point" for the tunnel turbulence
tests and to measure that turbulence in free air, which
may be anticipated as boundary-layer effective turbulence
0n a real airplane.




20 T.A.0.A. Technical Memorandum Wo. 777
b) Test Procedure

Weighing of air resistance was abandoned in favor of
pressure measurenent as described in section 4a. It is a
particularly advantageous method for flight testing where
the installation of scales is very difficult, whereas
pressure measurements may be made quite simply.

The sphere i1s screwed into a rcar spindle, pivoted on
a small mast, and fitted with guide vane, as shown in fig-
vre 20. The mast was first mounted on a towing car and
gubsequently fittcd on top of an airplane, as shown in the
photograph.

The dynamic pressure g is recorded through the ori-
fice in the front of the sphere. Thc pressure P at

the back of the sphere, is recorded in thc bend betwcen
sphere and spindle, whilec the static back pressure p, is

measured on the spindle about 4 spherc diamcters aft of the
spherc but upstream from the guide vane, It was found

from wind-tunnel tests that the static pressurc downstrean
from thc sphere returned very soon from its negative (sub-
critical) or positive (supercritical) to that of the p,
value corresponding to undigsturded flow. Subecritically,
this takes place at a distance of about 5% sphere diame-
ters from the back of the sphere, supercritically, after

24 diameters already.

The flight tests revealed that the pressure field of
the airplane mostly evinced a value at the place of the
sphere which was slightly urlike that at the more rear-
wardly located -test station for p,. The pressure differ-
ence was establighed for different flight speeds and flight
conditions (full throttle and gliding) by comparison of

pspindle with a static pitot tube mounted in place of the

sphere. Thec sphere rccords were corrected conformably to
the calibration curves.

The airplane was a Junkers itype ¥ 34, powered with an
SH-20 engine; speed range, 56 to 130 m.p.hRs The automo-
bile was an old-type touriang car having a speed of 52-53
mepene The Reynolds Liumbers were obtained from tempera-
ture and air-pressure readings (with sensitive altimeters
in flight tests). The pressures were recorded on two
Askania differential manometers. These recording instru~
ments, fitted with soft metal capsules, are especially
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practical for readings on disturbed pointse. hey are sim—

"ple to read, sensitive, and free from inertia to within 2

percent; and fairly inseasitive to location and accelera-
tion.

The records for two spheres are shown in figures 21
and 22: Suberitical, both curves follow the parameter
Ppell = = 0.32 q measured in the tunnel; supercritical, the

curves range within Pply = + (0«25 to 0,30) q. The free-

air tests are plotted in figure 23, while figure 24 illus-
trates the data for the same spheres as obtained in the
le2=meter thnnel of the D.V.L.

¢) Surface Roughness

The 26—centimeter silumin sphere shows the highest
Reynolds Yumber in alr free from turbulcnce according to
table II. Thesc spheres of identical manufacture (gilumin
casting, expertly machined and polished with shellac) have
about the same degree of surface roughresse Owing to the
fact that the remanent surface roughness on small spheres
appears greater relative to sphere diameter, it may be in-
ferred that thiis very roughness induces lower critical
Reynolds Fumbers than on larger srheres. Being relatively
the smoothest, the 28-centimetor sphere shows as maximum,
B = 4.03.
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TABLE II

Gritical R(10°5) of Different Spheres in Free Air

Sphere Still, free air| loving air 1.2 m tunnel
7 em silumin| full throttle, - 3.38 X 10°
3,48
14 cm silumin| full throttle, - 3.27 X 10°%
' 3472
28 cm silumin| automobile, ‘street, wind 3.20 X 10°%
4,03 2.70
full throttle, |rough weather
3,92 %.85 5
15 ecm steel Z.50 X 10
gliding, 4.00 airport, 3.60

Pgsed on this turn of the results, the lb-centimeter
sphere was prepared and flight-tested. It 1s the ball
bearing described in section 6. The Ry obtained with
it is fairly the same as that for the 28-centimeter
sphere.

In view of the almost perfect polish of the silumin
spheres, the influence of the surface roughness ocn Ry
was observed to be unusually prorounced. It 1s likely
that a carcfully polishcd spheve safeguarded against os-
cillations reaches Ry values even higher than those ob-

tained in the present experiment; the extrapolation in
figure 25 seems to point toward 4.1.

d) Results

The experinents with the lb-centimeter steel sphere

ranged over a series of flight tests at altitudes of 6,500
to 13,125 feet in level flight, c¢limb at full throttle,
and glide power-off under various weather conditions, in
which the critical dynamic pressure (at which Pyl = 0)
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and the correlated Rk were determined.

There 18 no systematic change of Rk»mwithnaltitude,

etce., as far as we could ascertain. The critical figures
for the atmosphere ranged between 3,85 and 4.05 X 105;
the figures for the glide are, on the whole, 0.1 higher
than for flight with full throttle. An explanation for
this is looked for in the engine v1Drat10ns.

The value for full throttle in gusty weather was Rk =

3.85, or in other words, the bouadary-layer effective tur-
bulence in squally weather is very small. The tests with
the open touring car in still air disclosed Rk = 4,03 X 105;

for the tree~bordered street in side wind it dropped to Rp
= 2.7 X 10%, on the airport surrounded by dbuildings (16
feet over the ground) with wind, it was Ry = 3.6. Conse-
quently, there is a boundary-layer effective turbulence
behind obstacles in thc boundary layer of the carth's sur—
face. Tais fact conforms with the Pasadena flight tests
(reference 15), with Ry = 3.68 1in calm weather, and Ry =
3.45 in storm a few fect above ground. :

The discrcepancy of the Pasadcna data from those of the
D.V.L. is probadly due to the sphere vhich they used. Hore
recently publisied data (reference 26¢) for a large rubber
sphere towed in a closed hangar, siow B = 2.9 X 10°.

The i A.C.A. drop tests (reference 11) were made with
large spheres and, of course, without engine vibrations.
(8teady condition in free drop? Variable air density?)

If the test points plotted in figure 10 are to reveal a
critical Reynolds Wumber, it would possibly lie between 4
and 5 X 108,

6. SURFACE ROUGHNESS TESTS .

a) Effect on Ry

It is a well-known fact that the surface roughness in
pipes and on flat walls favors the transition from laminar
to. turbulent boundary-layer flow quite consideradbly. It is
therefore, self-evident, according to section 1b, that ’
roughness. or 1rregu1ar1t1es on the surface lowers the Ry
value of .the sphere. ‘

The Braunschweig experiments included among others,
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hollow copper and sheet brass spheres with fine circular
waves and bulges running along the welds. For the rest,
they were smoothly polished. In contrast, the steel spherecs
were cxactly round; they wore 9-, 12~, and lb-centimeter
ball bearizngs supplied by the Fischer Company of Schwein~
furt. :

Figure 8 reveals the varied resistance curve of the
different spheres. Compared to the steel spheres, those
of sheet metal showed the critical transition throughout at
perceptibly lower R, values. Thus, for a lO-centimeter

sheet-metal sphere, for instance, it is Ry = 2.08 X 10°
against Ry = 2.38 for the l2-centimeter steel sphere
(ideutical channel condition), and Ry = 2.52 X 10° for
the 9-centimeter sphere.

On the 25-centineter sheet~metal sphere, having along
its weld in the equator a circular bulge of about 0.4 um,
it was noted that at a certain spced the resistance rec-
veals a sharp break without intermediate stage from sub-
critical to supercritical, and Jjumps Just as suddenly from
supercritical to subcritical again when the speed is the
same (fig. 8). '

Result: The waviness of the surface induces a sub-
stantislly earlier critical transition, besides being er-
ratic and at times, discontinuous.

The effect of surface roughness (without waviness)
has been explored on cylinders, Unfortunately, the Eng-
ligsh source (reference 8) does not give the grain texture,
thus leaving the degrece of guestionable roughness unex—
plained,

In support of the surface roughness in free-air tests
inferred from section B¢, we made a aumber of systematic
tests with the 28-centimeter silumin sphere, which had
been coated with a shellac solution and sprinkled closely
with sand grains of a certain screen size.

Figure 25 discloses the rate at which the Rk value

drops with the "degree of roughmness. The extrapolation to
% = 0 gives approximately R = 4.1 X 10° for air free
from turbulence; this is the R, value of the perfectly
gsmooth sphere in air free from %urbulence applicable to

car-test conditions. The plot also includes the data for



P

|

1/100 or 1 5/100 mm, -

N.A.C.A. Technical Memorandum No. 777 25

dlfferent silumin spheres w1th an estimated roughness of

b) Relation of the Supercritical Drag

The boundary layer governs the drazg even beyond the
critical R, The greaSer its lag cin.the sphere front,
through surface roughness, for edeple, ‘the nlgher the
form drag.s’

According to accepted conception, a surface acts aero-

dynamically as smooth when protuberances in the laminar sub-
P

layer of the boundary layer nsxt to the surface, which also
exlist in the turdulent boundary layer, are wholly imbedded.
In fact, it is only by virtue of this premise that super—
critical, aerodynamically perfectly smooth spheres caun be
manufactured. For flat surfaces exposed horigzontally to
flow, supercritically the permissible grain size or tex-
ture becomes consistently smaller with the Reynolds Number.,
The extreme condition for grain-size is the approximately
constant ‘Bgrain = v % = 1.5 X le (reference 27). The
end resistance then in the turbulent roungh friction is
conitant in relation t0o grain size (squared resistance

law

Supeércritically, the resistance curve for the sphere
is basically the same as for the plate., Thec frictional
resistance appears "raised to a power" as form resistance,

.80 that ¢y - should continue to decrease w1th the Reyvuolds

Number for very. smooth sphercs (fig. 27a).  The technical
preparation of surface smoothness hecegsary at high R
(over 5 X 10%) should prove very difficult. The grain of
he 28-centimeter sphere would then have to be considera-
bly smaller than 1/10000 mm. As figure 27 indicates, rough
spheres reach, supe”crltlcally, a certain end resistance,
as actually recorded in the varlable-den51ty wind tunnel
(fig. 10). Adequately rough spherés never 1eave the sub-

critical flow pattern according to figure 26 (-~ = 0,004),

so that the ¢, “supercritically, with about 0.47 also

may be assumed constant (fig. 27d). ' Spheres with such a
degree of roughness are, therefore, insensitive to R; the
separated suberitical flow is not abandoned when its bound-
ary 1ayer becomnes turbulent, :

The remarkable fact is, that for a given surface, the
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turbulence increases the supercritical resistance three
times as high (fig. 28). This may, on the one. hand, be
attributable to apparently intensified viscosity, while on
the other hand, the pecrmissible grain size is, without a
doubt, smaller in turbulent flow. On the premise of
smooth surface, the criterion for turbulence is, accord-
ingly, not only the R value but also the supercritical
resistance., In fact, it seems one-sided to confine always
the investigation to the influence of turbulence on the

Ry value. The majority of flow processes are supercriti-
cal, whence it is very desirable to know what supercriti-
cal effect the turbulence has.

¢) Application to Wind-Tunnel Tests

The Ry values obtained for the various spheres in
air free from turbulence may be congidered as calibration
for "turbulence = O" for these spheres. The lower the
wind-tunnel figures below those for free air, the greater
the wind-tunnel turbulence. According to figure 25, it is
possible to extrapolate to % = 0, when the free-air fig-

ure for a sphere is known. If, due to roughness, the Ry
value of a sphere in free air is 10 percent lower, the
figure measured in turbulent flow will be too low by -about
the same percent.

Figures 9 and 11 show the values corrected in this
manner according to figure 25. Thus, the corresponding
curve in figure 9 gives the Reynolds Numbers which would
be obtained at different air speeds, with perfectly smooth
spheres (of varying diameters). The decrease of turbu-
lence with the tunnel speed is so great for the explored
tunnels that through it the influence of the relatively
greater roughness on small spheres 1is exceeded.

As regards turbulence and surface roughness the
sphere-drag tests should be interpreted, according to fig-
ures 27 and 28, as follows:

l. .Roughness shifts the resistance break toward lower
Reynolds Numbers, although the trans1t10n takes
‘place equally steep (fige 27c);

2. Turbulence also forces a'premature break, although
the transition curve is, inherently, flatter
(fig. 28D);
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Supercritically, the drag coefficient for smooth
‘spheres drops consisbtently (fig. R27a); :

T 1ls should hold true for turbulient flow as well;
-although the curve lies higher, the pormissi-
ble roughness is less (fig. 28b),

Roughness preveants a temporary. drop in supercrit-
ical drag (fig. 27b); with sufficient roughness
the drag increascs again uvwntil it recaches the
constant supercritical end drag (Fl&. 27¢);

There is no crltlcal r051stance break when the

roughness 1s coarse; Co remains at around

C.47. TLike all bodies having sharp edges, the
sphere is then insensitive to Reynolds Number
(fige. 274).

Translation by J. Vaaier,
National Advisory Committee
for Aeronautics.

+
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